Airborne electromagnetic (AEM) systems were first developed in the early 1950's in Canada and Scandinavia. AEM systems have been applied in mineral exploration, geological mapping, geohydrological investigation and environmental monitoring in China since the 1980's. A dual-frequency AEM system (463 Hz, 1,563 Hz) which was developed by IGGE in the early 1980's has surveyed more than 160,000 line-km. A new three-frequency AEM system was also developed by IGGE in 1999. In 2001, a survey was conducted in Qian'an, Jilin Province, using the new AEM system. The purpose of this survey was to delineate salinization, to determine the freshwater/saltwater interface and to explore the freshwater resource for catchment management such as drinking, agriculture, stock raising and wetland protection. The main purpose was achieved by this survey. For the salinization study, the upper frequency AEM data were used. By comparing the apparent resistivities calculated from the AEM data with the geohydrological data, the areas and intensity of salinization were identified. For the freshwater resource study, lower and middle frequency AEM data were applied. Two zones of fresh groundwater were determined within the achievable exploration depth (about 100 m) of the AEM system.
Introduction
The HDY-401 three-frequency AEM system ( Fig. 1) was developed by the Institute of Geophysical and Geochemical Exploration (IGGE) in 1999. The coils are mounted on the wingtips of a Y12 aircraft and the configuration for all coil pairs is vertical-coplanar. The transmitters are on the left wingtip and the receivers on the right. This coil configuration has the advantage of easier compensation of the primary field to decrease noise and drift and reduce flight drag. It is also more sensitive to vertical conductors. The frequencies are 463 Hz, 1,563 Hz and 8,333 Hz, generated by a frequency divider. The lower and middle frequencies (0.4 kHz, 1.5 kHz) of the system are ideal for mapping electrical conductors, and the upper frequency (8.3 kHz) is suitable for environmental and engineering applications where the targets are shallow. Three frequencies together provide more information for detailed interpretation of the subsurface resistivity distribution. The technical specifications of the AEM system are as follows: drift, ,100 ppm/h; noise, ,20 ppm; coil spacing, 19.2 m; sampling rate, 3 samples/s; nominal flight altitude, 50 m.
The AEM survey was conducted to examine the intensity of groundwater salinization and to delineate potentially favorable groundwater resources (Fig. 2) . The survey covered about 2,800 km 2 . The key to success of salinization and groundwater resource studies is in understanding that the effective electrical resistivity is influenced by both sediment type and water quality. It is known that sandy sediments are more resistive than clayey sediments, and freshwater is more resistive than saline water. Generally, non-saline areas bearing fresh groundwater resources in coarse deposits have relatively high electrical resistivity while saline areas and high-clay soils have relatively low electrical resistivity.
Large quantities of survey data were acquired with the AEM system, allowing subsurface changes in water quality and sediment type to be interpreted. One advantage of AEM is its ability to examine lateral changes in apparent resistivity at critical depths that can be related to lithology, water quality, and water saturation. It is difficult to recognize geological and geohydrological features from sparse well data or limited ground-based geophysical measurements. With a combination of borehole information, groundbased surveys and airborne surveys, the interpretational uncertainty can be reduced.
Geology and Geohydrology
The survey area is located in the southern Song-Nen Plain. The topographic relief is less than 15 m with mostly gently undulating landscape. The southeast boundary of the catchment at 190 m elevation is slightly higher than the northwest boundary at 130 m. Lakes and swamps lie in the southwest of the survey area. In the east are saline alluvium and colluvium. Drainage is generally poorly developed, with little connection between successive lakes and swamps, which become progressively more saline in the west. The lake and swamp system is terminated by a barrier in the southeast that inhibits surface and groundwater flow to east. Most lakes and swamps in this area are saline and salinity is expanding around lake bed perimeters. The lakes and swamps were mainly associated with old alluvial/colluvial units.
From west to east across the catchment, the diverse geology broadly varies from alluvium to a mixture of alluvium and older colluvium. Tertiary and Cretaceous sandstones underlie the Quaternary sediment according to borehole records. The Quaternary sediment thickness varies from 20 m to 100 m.
Most of the sediment is layered nearly horizontal. The Pleistocene Daqinggou Group(Q 2 l ) clayey sediments are the aquitard while sandy sediments are freshwater aquifers. The clayey sediments are less porous and their electrical resistivities are relatively low while the sandy water-bearing strata are highly resistive.
The freshwater/saltwater interface is moving over time, mainly due to human activity. Most of the area was covered with meadow before the 1950's but has since been rendered unproductive by salinization. This, along with desertification, has become very serious in recent years.
Interpretation of AEM Data
The AEM survey was conducted in September and October, 2001. The principal flight lines were oriented in 1258-3058 and spaced at 1 km. GPS was used for navigation and positioning. The positioning accuracy was 50 m or better. The AEM response and apparent resistivity data calculated from AEM data were used to analyze the saline soils and groundwater resource potential.
Salinization
One key to the potential success of airborne electromagnetic methods is the relationship between total dissolved solids (TDS) of groundwater and the electrical resistivity of groundwater. The AEM method can accelerate the investigation and provide information related to groundwater distribution. The soil salinity mainly relates to very shallow groundwater TDS, so the soil salinity can be estimated from the upper frequency (8.3 kHz) response and apparent resistivity. Figure 3a is the saline soils map obtained from geohydrological reconnaissance. Figure 3b is the saline soils map calculated from the upper frequency AEM data (Meng et al., 2002) . The two maps are similar, but the AEM saline soils map has more detail. Non-saline soils, weakly saline soils, highly saline soils, saline-alkali soils and salina can be easily found from the AEM saline soils map (Fig. 3b) .
It is obvious that AEM can rapidly investigate the salinization. If the AEM measurements are conducted again in a few years, the salinization changes within the period can be determined.
Freshwater/Saltwater Interface and Groundwater Resources
To investigate aquifer properties and boundaries, many methods can be employed to construct a threedimensional model. Conventional drilling and water-quality sampling in drillholes is one approach. Although the data obtained by these means are highly accurate at the measurement points, they represent only a very small fraction of the total volume. If drillholes are sparse in an area, the model geometry obtained by interpolating between widely-spaced drillholes may be very inaccurate.
AEM resistivity mapping provides high-density data coverage over large areas, including those where access is difficult. The electrical resistivity of groundwater is closely associated with the TDS of groundwater, and has a positive correlation with measured apparent resistivity. If groundwater is fresh (TDS , 1 g/L), the electrical resistivity will be high; and if groundwater is saline (TDS . 3 g/L), the electrical resistivity will be low. For slightly saline water (TDS: 1-3 g/L), the electrical resistivity will be moderate. By comparing the electrical sounding data, measured sample electrical resistivity data and the AEM apparent resistivity data, we determined that AEM apparent resistivity of freshwater, saline water and slightly saline water were higher than 25 ohm meter, lower than 15 ohm meter, and 15-25 ohm meter, respectively (Man et al., 1990; Meng et al., 2002) . Figure 4 shows the AEM responses for different values of groundwater TDS. Rock properties also strongly influence the measured electrical resistivity. The clayey sediments typically contain saline water. The sandy aquifers contain relatively fresh water because the movement of groundwater in the freshwater part of the aquifer is from areas with higher elevation toward discharge areas. The AEM responses are the integrated reflection of the rock electrical resistivity within the exploration depths. Since low and high frequency electromagnetic waves have different exploration depths, their responses represent electrical resistivity at different depths. If the low-frequency AEM apparent resistivity is higher than the mid-frequency AEM apparent resistivity, it shows that there is the freshwater at depth, and vice versa.
Water quality can dominate the measured resistivity within the saturated zone. Figures 5 and 6 are AEM apparent resistivity maps derived from mid-frequency (1.5 kHz) and low-frequency (0.4 kHz) AEM data. The location of the freshwater/saltwater interface and the freshwater resources were determined by the interpretation of AEM response and AEM apparent resistivity data.
The main shallow freshwater aquifer is located in the southeast (Fig. 5) while the deeper ones are located in the east and north (Fig. 6 ). Comparing Fig. 5 with Fig. 6 , we can predict the volume of the freshwater aquifer. For example, in the east there is freshwater throughout the vertical column that was measured. There is deep freshwater east of . Around Qian'an, freshwater was identified. These results were corroborated by the geohydrologic data. The freshwater aquifer is very thick around Qian'an according to the geohydrological map (Meng et al., 2002) . Qian'an is a county seat, where the town water is taken from wells. This indirectly supports our conclusion. Thus we can delineate the changes of groundwater within the AEM exploration depths, and determine the water quality from the AEM resistivity map relatively.
Interpretation of AEM data may pose other problems due to noise and errors in the data, and due to complex geology. However, when the interpretation is combined with ground electromagnetic data and limited well information, geohydrological features can be mapped with more certainty than simply interpolating between sparse well data.
Conclusions and Discussion
As a reconnaissance method, the frequency domain AEM has been used to map geohydrological features in Qian'an, Jilin Province. Combined with AEM, groundbased electromagnetic profiling and analysis of water-well data, we identified salinization and delineated the freshwater/saltwater interface and favorable groundwater resources. The AEM result is useful for catchment management.
Using the upper frequency AEM data we obtained the saline soil map. This map delineated the extent of saline soil related to groundwater. If the AEM survey is conducted repeatedly, we will document the environmental changes over time.
Groundwater quality is correlated with ground electrical resistivity. The AEM method is ideally suited for delineating the freshwater/saltwater interface and groundwater resources. As a reconnaissance survey, AEM apparent resistivity was used for interpretation. Layered earth inversion will be applied in future studies. The AEM results have some advantages over the interpretation based on conventional drilling and water-quality sampling in wells alone because of the sparseness and inaccurate interpolation of those data.
Salinization can cause environmental problems. Freshwater for consumption is a scarce commodity in many parts of China, especially in arid areas. Identifying new water supplies is a major concern. AEM surveys can be used to detect salinization, freshwater-filled rock, sandy palaeochannels in the overburden or other water bearing layers.
